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EVOLUTION CHARACTERISTICS ANALYSIS OF PRESSURE-ARCH IN A DOUBLE-ARCH 
TUNNEL 
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Original scientific paper 
In order to provide a basis for the reinforcement design and construction safety of the double-arch tunnel, it is of theoretical and practical value to analyse 
the morphological characterization, the evolution process and the skewed effect of the pressure-arch in a double-arch tunnel. Based on the descriptions of 
the boundary parameters of the pressure-arch in a double-arch tunnel, taking the 80 m buried depth double-arch highway tunnel as the research object, the 
numerical calculation model of the double-arch tunnel was built by using FLAC3D, and then the morphological evolution of the pressure-arch induced by 
step-by-step excavation was analysed. The results showed that the pressure-arch of the double-arch tunnel displayed the skewed distribution 
characteristics which were gradually diminishing from the left tunnel to the right tunnel, the strain energy dissipation of the double-arch tunnel from the 
left tunnel to the right tunnel was from high to low, and the nonlinear response characteristics in different excavation sequences were sensitive to the 
changes of the stress state. The results provided a basis for the rock reinforcement design and safety construction of double-arch tunnel. 
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Analiza razvoja značajki tlačnog svoda u tunelu s dvostrukim svodom 
 
Izvorni znanstveni članak 
Kako bi se osigurala osnova za pojačanje konstrukcije i sigurnost izgradnje tunela s dvostrukim svodom, od teorijske i praktične vrijednosti je analizirati 
morfološku karakterizaciju, proces razvoja i asimetrični učinak tlačnog svoda u tunelu s dvostrukim svodom. Na temelju opisa graničnih parametara 
tlačnog svoda u tunelu s dvostrukim svodom, kao istraživački objekt uzet je tunel autoceste s dvostrukim svodom iskopan na dubini od 80 m, te je izrađen 
numerički proračunski model tunela s dvostrukim svodom uporabom FLAC3D, a potom je analiziran morfološki razvoj tlačnog svoda induciran iskopom 
korak-po-korak. Rezultati su pokazali da tlačni svod tunela s dvostrukim svodom pokazuje karakteristike asimetrične distribucije koja se postupno 
smanjuje od lijevog tunela ka desnom tunelu, da rasipanje energije deformacije tunela s dvostrukim svodom od lijevog tunela ka desnom tunelu ide od 
visokog do niskog, te da su nelinearne odzivne karakteristike u različitim sekvencama iskopa osjetljive na promjene u stanju naprezanja. Rezultatima je 
omogućena osnova za konstrukcije pojačane kamenom i sigurnost u izgradnji tunela s dvostrukim svodom. 
 





The double-arch tunnel is a special tunnel and its 
lining structures between two adjacent tunnels are 
supported by the pillar between them. Owing to the large 
span and large rock pressure, the two single tunnels of the 
double-arch tunnel excavated interfere mutually that 
makes the supporting system become much complicated, 
let alone in the weak surrounding rock with frequent 
collapse or roof caving accident [1, 2]. Thus, the 
evolution process and the skewed effect (The geometry 
and deformation parameters of the pressure-arch are not 
symmetrical after the double-arch tunnel being excavated, 
we called these characteristics the skewed effect) of the 
pressure-arch under the step-by-step excavation are 
essential problems, which have been of wide concern for 
the scholars and technical personnel in the field of 
engineering. 
In the past years, the skewed pressure problems under 
the tunnel construction have been analysed by many 
scholars. For example, Kovari first found there was a 
pressure-arch effect in the loose rock with the tunnel 
excavation [3]. Protodyakonov proposed the collapsing 
arch theory of the loose rock [4]. Terzaghi proposed the 
existence conditions of the pressure-arch of the excavated 
sand chamber by the experiment [5]. Rabcewicz proposed 
that a self-bearing structure could form in the surrounding 
rock of the chamber in New Austrian Tunnelling Method 
[6]. Huang et al. proposed the identification method of the 
upper and lower boundaries of the pressure-arch [7]. 
Poulsen conducted the Coal pillar load calculation by 
pressure arch theory [8]. Fraldi et al. provided an idea to 
analyse instability problems of the tunnel [9]. The 
Chinese scholars such as Li et al. monitored the 
construction deformation of the large span multi-arch 
tunnel under complex geological conditions, and 
proposed the engineering measures to control the large 
deformation [10]. Zhu et al. analysed the construction 
sequence and the supporting force of the shallow-buried 
tunnel by numerical simulation method [11]. Combining 
physical model experiment with numerical simulation, Jin 
et al. analysed the temporal-spatial effect of the force and 
deformation of the supporting structure of the six-lane 
multi-arch tunnel [12]. Based on the monitoring data and 
numerical model, Monjezi et al. analysed the instability 
and ground subsidence characteristics of a shallow depth 
metro tunnel [13]. Yang et al. analysed the stability of the 
pressure arch and the instability failure modes after the 
tunnel excavation using similar model test, [14]. Chen et 
al. analysed the stress redistribution and ground arch 
development during the tunnel construction [15], and so 
on.  
In summary, there are rich achievements in the world 
on the research of pressure-arch in the double-arch tunnel, 
but there are still some questions not being solved well. 
Thus taking the double-arch tunnel as an example, the 
evolution mechanism and the skewed effect of the 
pressure-arch during step-by-step excavation need to be 
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2 Pressure-arch shape-parameters of double-arch tunnel 
 
In order to facilitate the study, the element stress 








σσe                                                (1) 
 
where σmax and σmin were maximum and minimum 
principal stress of the surrounding rock unit respectively 
after the double-arch tunnel was excavated. 
As shown in Fig. 1, corresponding to the peak point 
A of the maximum principal stress of the surrounding 
rock, the boundary was defined as the inner boundary of 
the pressure-arch. When the stress variable e  was equal 
to 10 %, the boundary corresponding to point B was 
defined as the outer boundary of the pressure-arch. On 
both lateral walls corner of the double-arch tunnel, 
extending toward the deep of the surrounding rock and 
meeting with the inner and outer boundaries of the 
pressure-arch along the rock rupture angle β, the closed 
region was the pressure-arch area. According to the 
Protodyakonov’s theory and Rankine theory, the rock 
rupture angle is 245 /ϕβ +°= , where φ was the inner 




Figure 1 Pressure-arch zones and morphological parameters of the 
double-arch tunnel 
 
As shown in Fig. 1, the pressure-arch of the double-
arch tunnel was divided into three zones so as to simplify 
the analysis. For Zone 1, the characteristic parameters of 
the pressure-arch were defined as the vault thickness S1, 
the waist thickness S2 and the skewback thickness S3 of 
the pressure-arch, respectively. It is the same with Zone 2 
and  Zone 3. 
The mechanics and engineering significance of the 
pressure-arch of the double-arch tunnel are as follows: 
during step-by-step excavation of the double-arch tunnel, 
the surrounding rock experienced stress redistribution 
repeatedly, and a skewed complex self-bearing pressure-
arch finally formed near the excavation area of the 
double-arch tunnel. The morphological characteristics of  
the pressure-arch and the arch thickness in separate zones 
could demonstrate the disturbance effect of the 
surrounding rock. Much more, the studies on the 
mechanical evolution process and the skewed 
characteristic of the pressure-arch provided a basis for 




3 Computational model and simulation analysis schemes 
3.1 The computational model 
 
The shape and dimension of the designed cross-
section of the double-arch tunnel are shown in Fig. 2a. 
The tunnel with 80 m burial depth was excavated by the 
bench method, and its surrounding rock was mainly 
composed of medium weathered sandstone, while the 
hydro-geological conditions were simple.  
Since there were some difficulties in modeling and 
meshing for complicated 3D engineering in FLAC3D, 
firstly, we built the engineering-geological model using 
ANSYS, and then the engineering-geological model was 
imported into FLAC3D as shown in Fig. 2b. According to 
the  sizes in Fig. 2a, the dimensions of the model were 70 
m long, 4 m wide and 40 m high in the x-, y-, and z- axis, 
separately. The model was divided into 9536 elements. 
Since the infinite long tunnel can be treated as a plane 
problem (the axial length of the model 4 m was thin 
comparing with the 70 m length and the 40 m height of 
the model) through the simplified method, therefore, the 
axial length of the model was thin. The horizontal 
displacements of four lateral boundaries of the model 
were restricted, and its bottom was fixed. The upper 
surface of model was the load boundary, and on it the 
vertical load converted from the weight of the overlying 
rock mass was applied. The material of model was 
supposed to meet the Mohr-Coulomb strength criterion, 
and moreover, it was supposed that the model was in the 
hydrostatic stress state, namely the lateral pressure 
coefficient λ was 1,0. The parameters were selected as 
listed in Tab. 1. 
 
 
a) Excavation steps of the tunnel 
 
b) Computational model and its meshing 
Figure 2 Excavation steps of the tunnel and the computational model 
 
Table 1 Physical and mechanical parameters of the surrounding rock of 
















2500 20,0 0,30 0,5 1,5 48 
 
3.2 Simulation analysis schemes 
 
The double-arch tunnel was excavated by the bench 
method to analyse the evolution characteristics of the 
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pressure-arch. The bench method construction was 
divided into five steps, and the construction sequence is 
shown in Fig. 2a: 
Step 1: After the initial stress field of the calculation 
model was balanced, the displacement and the velocity 
field were cleared and then the pilot tunnel 1 was 
excavated. 
Step 2: After reconstructing the pillar with concrete 
material to improve the strength of the pillar, the upper 
cross-section 2 of the left tunnel was excavated. 
Step 3: The lower cross section 3 of the left tunnel 
was excavated. 
Step 4: The upper cross section 4 of the right tunnel 
was excavated. 
Step 5: The lower cross section 5 of the right tunnel 
was excavated. 
Based on the above numerical simulation, the 
pressure-arch shape and evolution process of the pressure-
arch could be revealed. Then by defining the skewed 
coefficient and introducing the concept of strain energy 
entropy, the skewed effect and the strain energy 
dissipation characteristics of surrounding rock of the 
double-arch tunnel were analysed (Fig. 3e). 
 
3.3 Evolution characteristics analysis of the pressure-arch 
under different conditions 
 
(1) Geometric size effect  
In order to reveal the size effect of the pressure-arch, 
the evolution characteristics of the pressure-arch of two-
lane and three-lane tunnels during step-by-step excavation 
were compared and analysed. 
(2) Excavation sequence effect 
The excavation sequence of bench method and 
expanding method were 1-2-3-4-5 and 1-2-4-3-5, 
respectively. The comparative analysis of evolution 
characteristics of the pressure-arch under two different 
sequences could reveal the nonlinear response 
characteristics with the different excavation sequence.  
(3) Stress state effect 
Considering the impact of the lateral pressure, three 
kinds of stress state were used. The comparative analysis 
of evolution characteristics of the pressure-arch in double-
arch tunnel under different stress states could reveal the 
skewed effects of the pressure-arch. 
 
4 Evolution character of pressure-arch in the double-
arch tunnel during step-by-step excavation 
4.1 Evolution process and morphological character of the 
pressure-arch 
 
The evolution process analysis of the pressure-arch in 
double-arch tunnel under bench excavation method was 
conducted as the following. 
Step 1: As shown in Fig. 3a, after the middle pilot 
tunnel being excavated, due to the stress self-adjusting 
effect of the surrounding rock, a symmetrical pressure-
arch zone 2 gradually formed at the top of the middle 
pilot (The white dotted lines on both sides of the middle 
pilot tunnel were the side boundaries of the pressure-arch, 
and the white dotted curve boundary close to the 
excavation face was its inner boundary, and its outer 
boundary was the graphic outer contour.).  
Step 2: As shown in Fig. 3b, after the pillar being 
reconstructed, the upper cross-section 2 of the left tunnel 
was excavated, zone 1 of the pressure-arch on the top of 
the left tunnel was formed, zone 2 of the pressure-arch 
offset to the right obviously, and the pressure-arch 
thickness increased. There was an obvious boundary 
between zone 1 and zone 2 of the pressure-arch. The 




a) Step 1 
 
b) Step 2 
 
c) Step 3 
 
d) Step 4 
  
e) Step 5 
Figure 3  Pressure-arch evolution process under step-by-step excavation 
 
Step 3: As shown in Fig. 3c, after the lower cross-
section 3 of the left tunnel was excavated, the larger area 
of the surrounding rock was disturbed, the vault of zone 1 
of the pressure-arch increased, and the thickness of zone 1 
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increased too; zone 2 of the pressure-arch started to 
develop to the left, the vault of zone 2 and the thickness 
of the pressure-arch increased obviously, and the stress 
concentration of the surrounding rock on the top of the 
middle pilot tunnel was significant, demonstrating the 
stress of the middle wall greatly increased.  
Step 4: As shown in Fig. 3d, after the upper cross-
section 4 of the right tunnel was excavated, the 
disturbance area of the surrounding rock was further 
enlarged, and the vault of zone 1 of the pressure-arch 
continued to increase, and the thickness of the pressure-
arch further increased; zone 2 of the pressure-arch 
continued to develop to the left and the top, but its centre 
offset to zone 3 of the pressure-arch. At this time, zone 1, 
zone 2, and zone 3 of the pressure-arch generated newly 
were connected to form a skewed asymmetric 
combination pressure-arch. 
Step 5: As shown in Fig. 3e, after the lower cross-
section 5 of the right tunnel was excavated, with the vault 
lifting and the thickness of zone 3 increasing, the area of 
the pressure-arch continued to increase and adjust, and 
finally there was stress concentration in zone 2, and the 
area of zone 1 was significantly greater than that of zone 
3 of the pressure-arch, which suggested the stress on the 
vault of the left tunnel of double-arch tunnel was higher 
than that of the right tunnel, namely the combination 
pressure-arch of the double-arch tunnel showed a skewed 
distribution. 
As shown in Fig. 4, during step-by-step excavation of 
the bench method, the height and the thickness of the 
combination pressure-arch in double-arch tunnel showed 
a gradual growth trend. Overall, the pressure-arch height 
of zone 1 was the largest and its increasing rate was the 
fastest, the pressure-arch height and increasing rate of 
zone 3 were minimal, and the pressure-arch height and 
increasing rate of zone 2 were medium. The changes of 
these curves demonstrated that the combination pressure-
arch of the double-arch tunnel was a skewed distribution. 
 
 
Figure 4 Vault height v S1 ariation curves in different zones of the 
pressure-arch 
 
4.2 Skewed effect analysis of the pressure-arch in the 
double-arch tunnel 
 
The deformation of the tunnel can intuitively reflect 
the stress state of the surrounding rock, so during step-by-
step excavation of the bench method, two displacement 
monitoring points P1 and P2 were set up respectively on 
the top of the middle wall of the double-arch tunnel as 
shown in Fig. 2a. 
It can be seen from Fig. 5, the vertical displacements 
of points P1 and P2 were similar after the double-arch 
tunnel was excavated step-by-step, but there was an 
obvious difference between the horizontal displacements 
of points P1 and P2. After the excavation of the middle 
pilot tunnel, the points P1 and P2 respectively offset to the 
right and the left with a small horizontal displacement 
value; with the second and the third step excavation in the 
left tunnel, the horizontal displacements of points P1 and 
P2 offset to the left and both of the two points’ 
displacement values showed a growth trend; after the 
fourth and fifth step excavation in the right tunnel, the 
horizontal displacement of P2 began to offset to the right, 
but the horizontal displacement value was small, and 
however the horizontal displacement of P1 had first a 
slight increase and then levelled off. Overall, the 
horizontal displacement of P1 was greater than that of P2. 
 
 
a) Vertical displacement curves 
 
b) Horizontal displacement curves 
Figure 5 Vertical and horizontal displacement curves of the monitoring 
points 
 
To reflect the skewed effect of the surrounding rock 
stress of the double-arch tunnel, the skewed coefficient 









k =                                                                        (2) 
 
where dp1 and dp2 are the horizontal displacement of 
points P1 and P2, respectively. If k > 1, the surrounding 
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rock deformation of the double-arch tunnel offsets to the 
left tunnel, which shows that the rock pressure of the 
double-arch tunnel is a skewed distribution to the left; if k 
= 1, the surrounding rock deformation of the left and the 
right sides is symmetrical, which suggests the rock 
pressure of the double-arch tunnel is a uniform 
distribution characteristic; if k < 1, the surrounding rock 
deformation offsets to the right tunnel, which suggests the 
rock pressure is a skewed distribution to the right. As 
shown in Fig. 6, during the step-by-step excavation of the 
bench method, the skewed coefficient k of the double-
arch tunnel changed gradually from 1,0 to 3,5 showing 
the rock pressure skewed effect of the double-arch tunnel 
was significant, and the horizontal displacement of the 




Figure 6 Skewed coefficient k variations of the double-arch tunnel 
 
4.3 Strain energy entropy analysis of the pressure-arch 
evolution process 
 
To reflect the energy dissipation characteristics of the 
pressure-arch and its stability in the evolution process of 
the double-arch tunnel, the concept of strain energy 
entropy was introduced. Assuming there was n unit body 
altogether in the excavation system of the double-arch 





iijiji vu εσ∫=                                                           (3) 
 
where σij is the stress of unit, εij is the strain of unit, vi is 
the ith unit volume, and the total strain energy U in the 













uq ii =                                                                          (5) 
 






iq , ( )0 1,2, ,iq i n≥ = ⋅⋅ ⋅ , where qi 
is the strain energy ratio of the ith unit accounting for the 
total strain energy U. 
The strain energy of the excavation system of the 
double-arch tunnel is converted to entropy, the strain 









.                                    (6) 
 
S was used to characterize the total strain energy 
distribution of the excavation system. The monitoring 
regions of strain energy entropy of the double-arch tunnel 
are shown in Fig. 7. 
 
 
a) Total region of vault 
 
b) The left and right tunnel region 
Figure 7 Monitoring range of the strain energy entropy of the double-
arch tunnel 
 
As shown in Fig. 8a, during the step-by-step 
excavation of the bench method, the energy strain entropy 
curve on the roof of the double-arch tunnel appeared a 
ladder-like gradual declining trend. Along with the 
gradual release of the strain energy, the combination 
pressure-arch at the top of the double-arch tunnel tended 
to be gradually stable.  
Fig. 8b showed that during the excavation process of 
the left tunnel and the right tunnel, the forming pressure-
arches interacted, and the strain energy entropy curves on 
the left tunnel roof and the right tunnel roof both showed 
the overall downward trend, and the strain energy entropy 
value on the top of the left tunnel was greater than that of 
the right tunnel, which showed the pressure-arch stability 
of the right tunnel roof was better than that of the left 
tunnel, and therefore the rock bolting for the roof of the 
left tunnel in construction must be strengthened. The 
results showed that the evolution of the combination 
pressure-arch of the double-arch tunnel was a complex 
and gradually stable energy dissipation process in the 
excavation process. 
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a) Total region of vault 
 
b) The left and right tunnel region 
Figure 8 Monitoring curves of the strain energy entropy of the double-
arch tunnel 
 
5 Evolution characteristic analysis of the pressure-arch 
under different conditions 
5.1 Geometric size effect 
 
As shown in Figs. 9 and 10, under the same 
conditions, when the two-lane double-arch tunnels (the 
width of the right or the left tunnel is 12 m) and the three-
lane ones (the width of the right or the left tunnel is 18 m) 
were excavated step-by-step by the bench method, it was 
found that the pressure-arches of the two-lane and three-
lane tunnels displayed the skewed distribution 
characteristics. For the two-lane double-arch tunnel, the 
pressure-arch height in zone 1, zone 2 and zone 3 showed 
a gradual decreasing trend; and for the three-lane double-
arch tunnel, the pressure-arch height in zone 1 and zone 2 
were very close, and the pressure-arch height of zone 3 
had a drastically reduced trend. 
 Seen from Fig. 11, during the step-by-step 
excavation, the skewed coefficient k of the pressure-arch 
of the two-lane double-arch tunnel changed gradually 
from 1,0 to 3,5, while that of the three-lane double-arch 
tunnel gradually increased from 1,0 to 8,0. Therefore, it 
could clearly be seen that with the increase of the tunnel 
span, the energy accumulation and release of the pressure-
arch at the top of the pillar and the left tunnel were 
sensitive, and the skewed effect of the pressure-arch of 
the three-lane double-arch tunnel was much more 
significant than that of the two-lane one, which should be 
taken into consideration seriously in the supporting design 
and construction safety of the double-arch tunnel. 
 
 
a) Two-lane tunnel 
  
b) Three-lane tunnel 
Figure 9 Pressure-arch shape of different span double-arch tunnel 
 
 
Figure 10 Vault height S1 variations of different tunnels 
 
 
Figure 11 Skewed coefficient k variations of different tunnels 
 
5.2 Construction sequence effect 
 
As shown in Figs. 12 and 13, it was found that the 
pressure-arch height in zone 1 and zone 2 slightly 
increased after the double-arch tunnel was excavated by 
using the expand method, and the increasing rate of the 
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pressure-arch height in zone 3 was bigger, which made 
the pressure-arch distribution more uniform than that of 
the bench method, namely the skewed effect caused by 
step excavation of the expand method was relatively 
smaller than that of the bench method (See Fig.14). 
 
 
a) Bench excavation method 
  
b) Expand excavation method 
Figure 12 Pressure-arch shape of different excavation methods 
 
 
Figure 13 Vault height S1 variations of different excavation 
 
 






5.3 Stress state effect 
 
As shown in Figs.15 and 16, with the change of the 
lateral pressure coefficient from high to low, the arch 
height of zone 1, zone 2 and zone 3 of the pressure-arch 
almost showed parting-step changed from high to low, the 
shape change of the pressure-arch was obvious. When λ 
was greater than 1, the arch heights of zone 1 and zone 3 
of the pressure-arch showed a substantial upward bulge, 
and were significantly higher than that of zone 2; When λ 
was less than 1, relative to arch height of zone 1 of the 
pressure-arch, the arch heights of zone 2 and zone 3 of the 
pressure-arch drastically reduced; When λ equaled 1, 
relative to the above two cases, the arch height variation 
of the pressure-arch was between the above two cases, but 
in this stress state the arch height variation of the 
pressure-arch of the double-arch tunnel was smaller. 
Therefore, when λ was greater than 1 and when λ was less 
than 1, the influences on zone 1 and zone 3 of the 
pressure-arch of the double-arch tunnel were greater, the 
skewed distribution characteristics of the pressure-arch of 
the double-arch tunnel were obvious. 
 
 
a) λ = 1.1 
 
b) λ = 1.0 
 
c) λ = 0.9 
Figure 15 Pressure-arch shape under different stress states 
 
As shown in Fig. 17, with the change of the lateral 
pressure coefficient of the tunnel surrounding rock from 
high to low, the skewed effect coefficient of the pressure-
arch of the double-arch tunnel changed from 3,7; 3,5 to 
8,9, therefore, when λ equaled 1, the skewed effect of the 
pressure-arch was relatively small, when λ was less than 
1, the skewed effect of the pressure-arch was remarkable. 
 
Zone 3 Zone 2 Zone 1 
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Figure 16 Vault height S1 variations of different stress states 
 
 




Along with the step-by-step excavation, the 
surrounding rock stress of the double-arch tunnel 
interacted, and then formed the complex pressure-arch. 
The arch height of the pressure-arch of the double-arch 
tunnel manifested the skewed distribution characteristics 
which were almost diminishing parting-step from the left 
tunnel to the right tunnel.   
Based on the concepts of the skewed coefficient and 
the strain energy entropy, we can see that with the skewed 
effect of the pressure-arch the double-arch tunnel mainly 
offsets to the left tunnel, and that the strain energy 
dissipation characteristics of the double-arch tunnel are 
from high to low. 
When the double-arch tunnel was excavated step-by-
step, the obvious size effect of the pressure-arch was 
produced. The nonlinear response characteristics in 
different excavation sequences and the skewed effect with 
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